not hyperhomocysteinemia, is the main risk factor for mortality in HD patients receiving vitamin supplements. Intravenous 5-MTHF seems to improve survival in HD patients independent from homocysteine lowering.
Introduction
Hemodialysis (HD) patients show a 20-fold increase in cardiovascular disease (CVD) mortality in comparison to the general population [1] . The high CVD mortality is thought to be due to a combination of different risk factors including: 'traditional risk factors' such as those evidenced in the Framingham Study as well as 'non-traditional risk factors' such as anemia, albuminuria, altered calcium-phosphate metabolism, hypervolemia, malnutrition, oxidative stress, lipoprotein (a) (Lp(a)), prothrombotic factors, acute phase response, growth factors release and hyperhomocysteinemia [2] .
Although hyperhomocysteinemia has been implicated as an important independent risk factor in both the general population [3] , as well as for end-stage renal disease (ESRD) patients [4] [5] [6] , several studies have questioned the benefit of lowering homocysteine in ESRD patients. Paradoxically, two recent studies showed that pa-tients with very low homocysteine plasma levels had worse outcomes including a higher incidence of hospitalization and mortality [7, 8] . This raises the question as to whether elevated homocysteine in uremic patients is consequential rather than causal in the role of cardiovascular complications [9] [10] [11] .
Despite this uncertainty, many ESRD and pre-ESRD patients receive treatments to lower homocysteine. Elevated homocysteine is frequently reported for ESRD patients with a prevalence ranging from 85 to 100% [12] [13] [14] .
There are two basic strategies that can be used to lower homocysteine. Both attempt to increase levels of biologically active folate which is essential in the remethylation pathway of homocysteine metabolism via its active metabolite 5-methyltetrahydrofolate (5-MTHF), thus lowering homocysteine efflux from tissues into the plasma compartment. The first, and most common approach, is by oral administration of folic acid. Folic acid is not biologically active; however, it is more stable than folate, and is often used in tablets and food fortification. The second approach is to supplement 5-MTHF, the natural circulating form of folate. In addition to folate, both vitamin B 6 and vitamin B 12 are necessary cofactors in homocysteine metabolism. The main homocysteine metabolic pathways are illustrated in figure 1 .
ESRD patients are often resistant to homocysteine lowering by administration of both folic acid and 5-MTHF. This might be due to either genetic or acquired pathogenetic mechanisms [15] . For instance, there are several methylenetetrahydrofolate reductase (MTHFR) polymorphisms that can affect MTHFR activity. MTH-FR is a key regulatory enzyme involved in folate-dependent homocysteine remethylation. It catalyzes the reduction of 5,10-methylenetetrahydrofolate to 5-MTHF.
Although supplementation with folic acid, B 6 and B 12 usually decreases homocysteine in patients with vascular disease [16, 17] , it often remains elevated in ESRD patients despite supplementation of folic acid, B 6 and B 12 . Several studies have reported only moderate effects, even with very high doses of folic acid (up to 15 mg/daily) [18] .
The aim of this study was to investigate whether supplementation with 5-MTHF versus folic acid treatment could affect patient survival. In particular, we detected homocysteine blood levels and MTHFR genetic polymorphisms to evaluate if they can be considered as independent cardiovascular risk factors. 5-MTHF doses considered were higher than those previously reported [19] which failed to induce significant homocysteine lowering. Folic acid therapy was administered in accordance with the standard dosage reported from other authors for homocysteine lowering [9, [20] [21] [22] . 
Methods
Patients 341 stable HD patients were randomized into two groups: group A consisted of 174 patients (87 F, 87 M) treated with intravenous 5-MTHF (Prefolic , Knoll, Milan, Italy) 50 mg at the end of each HD session; group B consisted of 167 patients (77 F, 90 M) treated with 5 mg/day of oral folic acid (Folina , Schwarz Pharma, Milan, Italy). Both groups received supplementation with vitamin B 6 300 mg (Benadon , Roche, Milan, Italy) and vitamin B 12 1,000 g (Dobetin , ACRAF, Rome, Italy) administered by intravenous injection at the end of the HD session three times per week.
For at least 3 months prior to the study, all patients received the vitamin B 6 and B 12 i.v. supplementation and three times weekly 0.35 mg i.v. folic acid (Epargriseovit , Pharmacia & Upjohn, Milan, Italy). In addition, a therapy of 150 8 60 U/kg/week epoetin was administered to all patients included in our study.
A baseline screening was done for homocysteine, albumin, Lp(a), C-reactive protein (CRP), hematocrit, hemoglobin, folates, vitamin B 6 , vitamin B 12 and MTHFR enzyme gene polymorphisms. Normal serological homocysteine levels were considered between 5 and 12 mol/l. Other samples were collected at 6, 12, 24 and 55 months from the baseline to check homocysteine, Lp(a), CRP, vitamin B 6 and vitamin B 12 levels for a total follow-up of 55 months. All the samples were obtained before starting the midweek HD session.
Glomerular filtration rate, obtained by means of Cockroft Gault's formula, was ! 5 ml/min for each patient enrolled.
Patients' characteristics: in group A (174), 87 were females (50%) and 87 males (50%), 83 patients died (48%), 71 (41%) were on HD treatment and 19 (11%) underwent renal transplantation; in group B (167), 77 (46%) were females and 90 (54%) males, 112 (67%) patients died, 48 (29%) were on HD and 7 (4%) underwent renal transplantation.
All patients were on regular HD or hemodiafiltration (HDF) treatment three times a week, HD treatment duration ranged between 3 and 312 months at the entry in the study for both groups. Ultrafiltration changes were based on clinical need, blood flow of 310 8 30 ml/min and dialysate flow of 500 ml/min. 198 patients (58%) were on bicarbonate dialysis standard with polysulfone membrane (F7 HPS, Fresenius, Bad Homburg, Germany), 143 (42%) patients were on HDF with polyetheresulfone (Diapes BLS 814, Bellco, Mirandola, Italy). Adequate dialysis dose was 1.3 8 0.3, according to Daugirdas' Kt/V.
CVD was assessed as presence/absence of hypertension, ischemic cardiac disease, cerebral and peripheral vascular disease, and diabetes. Clinical history, laboratory analysis, instrumental examinations, specific evaluations suspected and confirm the diagnosis. Coronary artery disease was investigated by determination of at least one of the following parameters: (1) previous documentation of acute myocardial infarction (laboratory or ECG modifications); (2) symptomatic CVD events in the clinical history confirmed by a positive treadmill test, and (3) coronary artery stenosis more than 50% in one of the three major coronary vessels documented by an angiographic study. All patients with coronary artery disease were examined by a treadmill test (thallium scan) or coronary angiographic examination before entering the study. Cerebrovascular disease was investigated by one of the following criteria: (1) a previous ictus (ongoing clinical evidence of neurological deficit in the 3 months before beginning the study, confirmed by a TC scan, a nuclear magnetic resonance or a physician's record of clinical history), and (2) carotid vessel stenosis more than 50% documented by a Doppler examination.
Peripheral vascular disease was assessed by the evidence of claudicatio intermittens, previous vascular surgical procedure (including amputation for ischemic limb or by angiographic/ Doppler documentation of atherosclerotic plaques in abdominal, iliac and femoral vessels). The vascular surgical procedure was conducted at least 3 months before the study started.
The study was approved by our institutional review board and all patients gave informed consent.
Laboratory Methods
Plasma homocysteine (after reduction of the protein-bound fraction) was determined by HPLC [23] . Folates (normal range 6.1-38.5 nmol/l) and vitamin B 12 (normal range 162-632 pmol/l) were evaluated by a radioimmunoassay method according to Ciba-Corning Diagnostic Corp. Vitamin B 6 values were determined by HPLC [24] . Plasma levels of CRP were assessed by an immunonephelometric assay (Behring, Marburg, Germany) with a quantization limit of 3.2 mg/l. Lp(a) was evaluated by an immunometric assay (Bouty Inc., Sesto S. Giovanni, Italy). Albumin, hemoglobin and hematocrit were determined by standard laboratory methods.
The genotyping protocol for the detection of the MTHFR 677 C 1 T polymorphism was adapted from Schneider et al. [25] . The presence of the MTHFR 1298 A 1 C polymorphism was analyzed by using a modification of a method from Skibola et al. [26] .
Statistical Analysis
Statistical analysis was performed by the Statistical Package for the Social Sciences (SPSS for Windows Software Package, Version 9.0.1). Data are presented as means 8 SD. The Student t test was used for group comparison of continuous variables with normal population distribution (Kolmogorov-Smirnov test, Z = 0.77). The 2 test was used for group comparison of no continuous variables, in particular in relation to gene study. p ! 0.05 was considered statistical significant. A linear regression analysis was performed to evaluate the presence of a statistically significant relationship between the baseline homocysteine levels and other parameters like risk factors for hyperhomocysteine: CRP, albumin, folates, and Lp(a). A multivariate Cox analysis risk was conducted to determine an independent association between the baseline characteristics and cardiovascular risk of death during follow-up. The following parameters were considered: patients' age, HD age, basal homocysteine, albumin, Lp(a) and CRP values, MTHFR gene polymorphism, and folate levels.
Results
We did not observe any statistically significant differences at baseline between the groups concerning age, dialysis age, CRP, albumin, and Lp(a) levels ( (8 patients) , gastrointestinal bleeding in 3.6% (7 patients), and unknown in 3.6% (7 patients). The deaths were equally distributed over the study period in each group.
At 6 months from the beginning of the study, homocysteine levels were more greatly reduced in group A than in group B (20.7 8 9.5 vs. 35.0 8 26.4 mol/l, p ! 0.01) with a percentage reduction of -36.9 8 37% in group A and -11.2 8 31.6% in group B. At 12, 24 and 55 months' follow-up, homocysteine levels were similar in both groups (p = NS). There was a greater reduction of homo- ( table 3 ) . We also did not detect any statistically significant difference in homocysteine levels between surviving versus deceased patients: 44. tients into CRP quartiles ( ! 5, 5-12, 12-23, 1 23 mg/l), we observed a statistically significant higher survival rate in patients with a CRP value located in the two lower quartiles, log-rank = 0.005 ( fig. 2 ). Hence we investigated CRP separately in both groups. In group A (5-MTHF), the highest survival was determined for those with a CRP value ! 12 mg/l, whereas no significant difference in survival related to CRP levels was observed in group B.
A Cox regression analysis, adjusted by age, demonstrated that only CRP was a predictive risk factor for death (RR 1.17, range 1.04-1.30, p = 0.02). Dialysis age, homocysteine plasma level, gene polymorphism detection, albumin, Lp(a) levels and folate should not be considered as mortality risk factors ( table 4 ) . Cox analysis, corrected by age, in patients treated with 5-MTHF confirmed this result, emphasizing that CRP is the only predictive mortality factor (RR 1.15, range 1.02-1.28, p = 0.01; table 4 ).
In particular, it should be noted that the mean survival of the 5-MTHF-treated patients (group A) from the beginning of therapy was higher than that of the folatetreated group (group B): 36.2 8 20.9 vs. 26.1 8 22.2 months (p = 0.003; fig. 2 ). Kaplan-Meier survival analysis confirmed a higher survival in patients treated with 5-MTHF (log-rank = 0.01; fig. 3 ).
Discussion
Our study confirmed the high incidence ( 1 90%) of hyperhomocysteinemia in HD patients; however, it failed to assess any role for baseline hyperhomocysteinemia and MTHFR polymorphism as independent risk factors for overall and cardiovascular mortality. The Cox regression analysis, adjusted by age, showed that only CRP was an independent risk factor for mortality in our cohort of HD patients.
As expected, both folic acid and 5-MTHF resulted in lower levels of homocysteine, but less than a quarter of our patients were within the normal range after 6 months of treatment. This is similar to many other studies that showed that homocysteine could be lowered by administration of either folic acid or 5-MTHF, but rarely can be brought within a normal range [20, 21, 27] . In our study, the patients had an overall drop of nearly 50% within the first 6 months, then these values remained relatively stable throughout the rest of the follow-up period.
However, none of the MTHFR polymorphisms considered were able to influence baseline homocysteine values, nor homocysteine response to 5-MTHF therapy. This is similar to the findings of Bostom et al. [19] in a study that compared administration of the equimolar equivalent of oral 15 mg/day folic acid to oral 17 mg/day 5-MTHF to HD patients. Although they observed a decrease of homocysteine for both groups, neither group achieved significant normalization.
We also observed that MTHFR polymorphisms were not identified as an independent risk factor for cardiovascular mortality by means of Cox analysis. This is similar to observations from a large cross-sectional study of Japanese HD patients that showed that genotype and serum total homocysteine concentration were not independent risk factors for vascular disease [28] .
Recently, several large randomized studies showed that although homocysteine can be lowered, there is not necessarily a reduced risk of major cardiovascular events [16, 17, 29] . This raises the questions whether any benefit can be gained from lowering homocysteine and what role homocysteine actually plays in contributing towards cardiovascular events. In particular, HD patients often have rather skewed distributions of risk factors compared to the general population. Similar to the reverse epidemiology related to higher mortality in HD patients with low cholesterol, a few recent studies showed that lower levels of homocysteine were inversely correlated with mortality [7, 29] . In the study by Kalantar-Zadeh et al. [7] , they did not observe any correlation between homocysteine and body mass index or other inflammatory markers; however, they did observe a direct correlation between albumin and homocysteine. In contrast with that study, we did not observe any correlation between albumin and homocysteine.
The unexpected result of the present study was an improvement in survival rate of patients treated with 5-MTHF, particularly since there was no difference in homocysteine levels between the two groups of therapy. This raises the question as to whether 5-MTHF may have other unique properties not directly related to homocysteine lowering.
The pharmacokinetic profile of 5-MTHF results in a higher bioavailability of folic acid irrespective of the patient's genotype [30] . In a recent study comparing a single daily oral dose of 5 mg folic acid versus 5 mg of 5-MTHF, the peak concentration of 5-MTHF was nearly sevenfold higher than folic acid [30] . The authors also detected high levels of the non-natural isomer 6[R] 5-MTHF that lasted over a prolonged period of time; however, the significance of this isomer is not known. Several studies suggest that high concentrations of 5-MTHF may be beneficial in CVD. In vitro, 5-MTHF has important antioxidant properties that appear to be related to its structural similarity to tetrahydrobiopterin (BH 4 ) [31, 32] . BH 4 is a critical cofactor that is necessary to maintain endothelial nitric oxide synthase (eNOS) with a net production balance towards nitric oxide rather than superoxide. In addition it is a potent peroxynitrite scavenger [33] . Hyndman et al. [31] provided evidence indicating that 5-MTHF is capable of binding the pterin site in the eNOS. Furthermore, this direct binding to eNOS mimics the orientation and interactions of the natural cofactor BH 4 . 5-MTHF supplementation restored NO-dependent endothelial function in BH 4 -deficient fructose-fed rats [31] . In addition, 5-MTHF was shown to reduce superoxide production and also improve endothelial function in aortae isolated from BH 4 -deficient rats [32] . Antoniades et al. [33] also showed a benefit of 5-MTHF administration on endothelial function and vascular superoxide production in patients undergoing coronary artery bypass grafting. Recent studies suggested that 5-MTHF was associated with improved endothelial function as measured by B-mode ultrasonography on the brachial artery in HD and peritoneal dialysis patients [34, 35] .
Interestingly, the only risk factor that influenced survival rate in our study, by Cox regression analysis, was CRP. During the follow-up, a significant reduction in CRP values was observed in patients treated with 5-MTHF at 24 and 55 months. In relation to the CRP quartiles distribution, it should be noted that the highest survival rate was in patients with low CRP levels at the beginning of the study ( ! 12 mg/l) and only in patients treated with 5-MTHF. Conversely, in patients who were not treated with 5-MTHF, no difference in survival rate was detected among quartiles.
To summarize, our study demonstrated that hyperhomocysteinemia is not a mortality predictive risk factor in HD patients. It also supported the hypothesis that a reduction in homocysteine plasma levels was not associated with decreased mortality risk.
Our results suggest that treatment with 5-MTHF seems to induce an increase in survival rate probably by inducing a lower inflammatory state in HD patients, supported by the fact that the inflammatory state was recognized as a predictive mortality risk factor in our study. Further studies are needed to better define 5-MTHF mechanisms in decreasing CRP values and in benefiting overall survival in the HD population.
